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In this  work,  we  have  investigated  self-assembled  monolayers  (SAMs)  from  alkanethiols  on  ﬂuorine-
doped  tin  oxide  (FTO)  surfaces,  which  were  used  as an  anode  for  thin-ﬁlm  devices  prepared  from  the
conductive  copolymer  so-called  sulfonated  poly(thiophene-3-[2-(2-methoxyethoxy)  ethoxy]-2,5-diyl)
(S-P3MEET).  The  assembled  monolayers  were  characterized  by using wetting  contact  angle,  atomic
force  microscopy,  and  electrical  measurements.  The results  indicated  that  dodecanethiol  molecules,
CH3(CH2)11SH,  were  well  assembled  on  the  FTO surfaces.  In addition,  it was  found  similar  values  of wet-elf-assembled
AMs
olecular electronics
hiols
hin ﬁlms
ting  contact  angle  for  dodecanethiol  assembled  on  both  FTO  and  Au  surfaces.  Concerning  the  thin-ﬁlm
device,  current–voltage  analysis  revealed  a hysteresis.  This  behavior  was  associated  to  a charge-trapping
effect  and  also  to  structural  changes  of the SAMs.  Finally,  charge  injection  capability  of  tin  oxide  electrodes
can  be  improved  by  using  SAMs  and  then  this  approach  can plays  an important  role  in  molecular-scale
electronic  devices.
© 2luorine-doped tin oxide
FM
. Introduction
The interest on electronic devices based on organic materials
as grown continuously in the last few years. Particular exam-
les of these devices are organic light-emitting diodes (OLEDs) [1],
eld-effect transistors (OFETs) [2], photovoltaic cells (OPVCs) [3]
nd memories [4], in which thin ﬁlms of conjugated polymers or
mall molecules are used as active layers. The manufacture of these
lectronic devices occurs by using selective deposition of materi-
ls on electrodes that are prepared in advance. The electrodes are
mployed to inject charge into the active layers. Then, the injection
rocess plays an important role in these devices [5] and, conse-
uently, many studies have been focused on the modiﬁcation of
he electrodes to improve the injection of charge carriers in organic
aterials. A strategy to modify electrodes – in order to achieve
 better carrier injection – consists in the deposition of an ultra-
hin ﬁlm with higher work function on the electrode surface. This
pproach able to change the energy barrier at electrode/organic
aterial interface. Recently, studies have been reported on modi-
ying the surface electrode surfaces by self-assembled monolayers
SAMs) [6,7].SAMs are molecular adlayers that are formed spontaneously
n substrate surfaces. Usually this assembly occurs when the sub-
trate is immersed into a surfactant solution. SAMs are suitable for
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studies in nanoscience and technology and do not require expen-
sive equipments [8]. Typical examples of SAMs are monolayers
of alkanethiols on gold substrate, as well as carboxylic acids on
oxide substrates. Nevertheless, some authors have reported the
adsorption of alkanethiols on glasses covered by tin-oxide [9–11].
This kind of substrates is widely used as anode in OLEDs [12]
and other devices because of its good electrical and optical prop-
erties. Alkanethiol molecules can form a homogenous and well
oriented monolayer on such surfaces. This may  occur because the
thiol–metal reactivity is strongly exothermic. However, the reac-
tion involved in adsorption and desorption of thiols on tin oxide
surfaces is not well understood.
In this paper, surfaces of ﬂuorine-doped tin oxide (FTO) were
modiﬁed by using self-assembled monolayers from alkanethiol.
The behavior of injection of charges through modiﬁed FTO surfaces
– which was  employed as anodes – was  investigated in devices of
sulfonated poly(thiophene-3-[2-(2-methoxyethoxy) ethoxy]-2,5-
diyl) (S-P3MEET). This copolymer, shown in Fig. 1, was designed
to be used as a hole transport layer in organic devices.
2. Materials and methods
Dodecanethiol and hexanethiol (CH3(CH2)nSH, n = 11 and 5)
Open access under CC BY-NC-ND license.monolayers were assembled on the plate slides coated with FTO.
The alkanethiols were purchased from Sigma–Aldrich and the sub-
strates of FTO from Flexitec Company. The sheet resistance of FTO
surface is approximately 15 /. Au substrates were purchased
cense.
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Table 2
Advancing a and receding r angles for water on dodecanethiol monolayer self-
asembled on different surfaces.
Substrate a r  (N/m)
Au 109 65 0.015Fig. 1. Chemical structure of S-P3MEET molecule.
rom Sigma–Aldrich, while the SnO2 were produced by the spray-
yrolysis coating process [13].
The Au, SnO2 and FTO substrates were initially washed with
thanol and deionized water in abundance. After that, the sub-
trates were cleaned with acetone and methanol in ultrasonic
ath for 30 min  respectively. Finally, the substrates were put in a
umped oven at 80 ◦C for 2 h.
The monolayers were made from solution of alkanethiols in
thanol at room temperature. The concentration of the solution was
.1 mol/L, and the substrates were immersed in the solution for two
ours. In the same way, SAMs of alkanethiols were prepared on Au
nd SnO2.
Thin ﬁlm of sulfonated poly(thiophene-3-[2-(2-
ethoxyethoxy) ethoxy]-2,5-diyl) (S-P3MEET) was prepared
nto FTO substrates modiﬁed by self-assembled alkanethiols. The
opolymer was also purchased from Sigma–Aldrich. The polymer
as deposited on SAMs by spin-coating method. The ohmic contact
pon polymer was made with the depositions of Al by thermal
vaporation in the high vacuum.
The quality of stable monolayers was investigated by contact
ngle measurements. It was also investigated electrical properties
f the monolayers using a simple apparatus, as described by Rampi
nd Whitesides [14]. But in this work, the junctions were made by
ssembling alkanethiols on Hg drop and FTO substrates. The elec-
rical measurements over the SAMs were performed by a source
eter (model 2611, Keithely).
Surface morphologies of the samples were studied with an
tomic force microscope (EasyScan II, NanoSurf Instruments) in the
apping mode (256 × 256 pixels) under ambient conditions. Image
reas of samples were scanned using a window of 5 m × 5 m.
MS  roughness of each sample was determined using NanoSurf
nstruments software.
. Results and discussion
Contact angles on self-assembled monolayers of alkanethiols
n different substrates are shown in Table 1. In the case of hex-
nethiol on Au, the surface was completely wetted indicating that
he hexanethiol monolayer was not assembled on the gold sur-
ace. On the other hand, a value of 67◦ for hexanethiol on FTO
uggest that the thiol molecules covered that surface partially. It
s important to consider that molecular adhesion depends on the
nteraction between the alkyl chains and the sulphur-metal bind-
ng. The short-chain thiols form SAMs in a disordered state, while
onger form crystalline-like and density packed monolayers [15].
or the dodecanethiols, the angle contact results are very similar to
oth substrates, and they are in accordance with a typical surface
omprised methyl groups.
able 1
ontact angle values for alkanethiols SAMs on different substrates.
Substrate Monolayers Contact angle
Au Dodecanethiol 118
Au  Hexanethiol –
FTO Dodecanethiol 115
FTO Hexanethiol 67FTO  109 63 0.018
SnO2 49 27 0.057
In Table 2, it is shown the advancing (a) and receding (r) angles
of water on the SAMs. Apparent surface energy  was estimated
from a and r using the equation [16]:
 = l(1 + cos a)
2
2 + cos r + cos a
where  l is the liquid surface tension. It can be observed that
the contact angles for dodecanethiol on Au and FTO substrates are
similar, indicating that the monolayers were assembled on these
substrates successfully. Nevertheless, dodecanethiol layer on SnO2
presents different values of contact angle and, consequently, of sur-
face energy. As a matter of fact, the roughness of the SnO2 surface
is notably higher than FTO or Au surfaces, because of the method
used to prepare it. If there was  similar monolayer covering on SnO2,
and since the resistance to wetting by water is increased due to a
larger geometrical surface area [17], a higher a value was expected.
However, a lower values for a was found. By observing the sur-
face energy, we can see that the values for FTO/SAM and Au/SAM
are similar, but completely different from that value found for
SnO2/SAM monolayers. These results reinforce the idea that alka-
nethiols covered the SnO2 much less than FTO surface and may
indicate that ﬂuoride ions also play an important key to assembled
alkanethiols.
Karsi et al. [11] and Brewer et al. [10] showed that monolayers
of alkanethiols can be prepared on tin oxide surfaces by immersing
the substrate in the molecular solution. They used indium-doped
tin oxide (ITO) and reported a strong adhesion of the monolayers
on that surface. It was suggested that thiols adsorb as well on In as
Sn oxides. Nevertheless, the reaction involved in the adsorption of
thiols on tin oxide are not fully elucidated yet.
In order to get more evidences of quality as well as topogra-
phy of the SAMs, we have performed an atomic force microscopy
analysis. Fig. 2 displays the pure FTO and an SAM deposited onto
FTO. It is noted a topology formed of aggregates for both sys-
tems. For the FTO, the RMS  roughness was  found be approximately
31 nm,  whereas the FTO with SAM provided 35 nm. This latter value
suggested that dodecanethiol molecules were deposited onto FTO
surface and then increased its roughness. This result is consistent
with that found from the wetting contact angle analysis. For the
Au and SnO2 substrates, it was  not possible to obtain AFM images
because the signal-to-noise ratios of the images were too low.
Fig. 3 shows the current density as a function of voltage for the
dodecanethiol and hexanethiol monlayers. Some curves were not
considered because they might have been curt-circuited. Governed
by tunneling trough the alkyl-chains, the current density follows
the relation j = j0 exp(− ˇı), where ı is the thickness of double lay-
ers, which means the distance between FTO and Hg electrodes,
while  ˇ is the structure-dependence attenuation factor [18]. Ana-
lyzing the current densities, it is found  ˇ = (0.6 ± 0.2) A˚−1. It was
assumed ı = 2.1 nm for dodecanethiol layers and ı = 1.7 nm for hex-
anethiol layers. The value obtained for  ˇ is in good agreement with
that observed for Au/SAM–SAM/Hg junctions [14].
Fig. 4 shows the current versus voltage of devices based on
S-P3MEET ﬁlm. In these samples, it was  assembled alkanethiol
monolayers on FTO, which were used as the anode in the forward
bias. The current–voltage curve of the sample with the hexanethiol
monolayer is very different from the sample with the dodecanethiol
A.C.T. Alves et al. / Applied Surface Science 279 (2013) 67– 70 69
Fig. 2. AFM images from FTO (left) and
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Fig. 3. Electrical current density curves for the adlayers of dodecanethiol and hex-
nethiol. The junction was  obtained by assembling the monolayers on FTO substrate
nd Hg drop that were used as electrodes.
onolayer. Ohmic behavior is observed when hexanethiol is used,
hile the conductivity of the sample with dodecanethiol presents
 hysteresis effect. As observed in Fig. 4, the hysteresis is enlarged
hen the sweep velocity is increased. The hysteresis effect is larger
hen a sweep velocity of 1.7 V/s is applied rather than 0.17 V/s.
Since hexanethiol molecules cover partially the FTO surface, the
opolymer can be directly contacted to the anode. This explain the
bserved ohmic effect. On the other hand, as the dodecanethiol
onolayer was well-formed on FTO substrates, the hysteresis effectan be related to the FTO/SAM. The copolymer S-P3MEET was
esigned to be used as a hole injection layer in organic light-
mitting diodes. Thus there may  be interfacial negative charges
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ig. 4. Current–voltage curves for the devices based on thin ﬁlm of S-P3MEET. SAM deposited onto FTO (right).
trapped next to the anode. These electrons can induce dipoles
that tune the effective work function of the contact. The carrier
traps are gradually formed next to the metal–organic interface,
correspondingly the induced dipoles. In addition, it is important
to consider the possibility of the SAMs structures change with
the current injection. An electric current governed by tunneling
trough the alkyl chains can excite molecular vibrations, which may
break the ordered phase SAM structure. This was  already con-
sidered by Nouchi and Kubozonu [6] to explain an anomalous
hysteresis in OFETs with SAM-modiﬁed electrode. An abnormal
hysteresis occurs when the values of current for the forward sweep
are smaller than the backward sweep. In our measurements, how-
ever, an anomalous hysteresis was not observed. Despite this, it can
be supposed that the SAM structure is modiﬁed in higher current
injection. As it can be seen in 4, the current–voltage for the forward
sweep with 1.7 V/s approaches the linear behavior like the sample
with the hexanethiol monolayer.
4. Conclusions
Alkanethiol monolayers were assembled on FTO, Au and SnO2
surfaces. It was found that wetting contact angle results for dode-
canethiol monolayers on FTO and Au are similar. It was investigated
the electronic injection properties of the device with the anode of
FTO modiﬁed by the alkanethiol monolayer. In these devices, it was
used a thin ﬁlm of S-P3MEET on the monolayer. It was  also observed
hysteresis for current–voltage curve. The charge-trapping effect
was dominant in the current injection process, but the changing
of the SAM structure also can be considered.
The electrode of FTO modiﬁed by the self-assembled monolayer
can be used to modify the effective work function of the oxide elec-
trodes and became an important strategy for organic electronic in
the molecular scale. Future works might consider how the concen-
tration of ﬂuor doping will affect the assembling of alkanethiols on
FTO surfaces and also how different monolayer assembling could
affect the charge carrier injections in thin-ﬁlm devices.
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